We analyze the spatial correlation of China's regional carbon emissions in 1998-2012 and then construct the spatial econometric model for empirical study of spatial club convergence of regional carbon emissions. Result indicates that within the sample period, regional carbon emissions of different provinces have great variability. Moran's I indicates strong spatial auto-correlation in regional carbon emissions of China with an obvious trend of clustering. Club clustering is performed over regional carbon emissions based on spatial dependence, and H-H and L-L clusters are more prominent. Within these two spatial clubs, the provincial-level carbon emissions tend to converge, and the convergence speed of L-L club is faster than that of H-H club.
INTRODUCTION
Climate change is not only an environmental issue, but also has a bearing on the longterm development of a country. Since China's opening-up and reform, China has witnessed economic growth soars, and at the same time, increasing crisis of resources depletion and environmental pollution. Among all environmental problems, the greenhouse effect due to carbon dioxide pollution has evoked widespread concern because of its prevalent adverse impact on economic development and people's daily life. So reducing greenhouse gas emissions has always been one of the major pathways for China to tackle the problem of global warming. But this cannot be done unless with the involvement of all provinces. Given the disequilibrium and spatial clustering of carbon emissions across the provinces (Clarke-Sather et al.,2007) , different regions are assigned with different goals of carbon emissions reduction. Because the levels of development, industrialization and urbanization show large heterogeneity across the regions, different regions should undertake varying responsibility in carbon emissions reduction. That is, the more developed regions are to bear greater responsibility than the less developed regions.
The principles of fairness, common but differential responsibility and sustainable development should be strictly adhered to in the issue of carbon emissions. The convergence of carbon emissions represents a major aspect of equal use of atmospheric resources (Siarensen, 2008) . Differential convergence is the principal consideration for the government when formulating differential carbon emissions reduction goals, and also the main factor in ensuring the steady state of convergence of carbon. Emissions in different regions. Thus it is necessary to investigate the club convergence phenomenon of carbon emissions, which is one major feature of China's carbon emissions.
There are a large number of convergence modelsused to represent the CO 2 convergence. Standard -or -convergence modelsare applied to discuss the convergence of carbon emissions. The subject of research is the overall carbon emissions of a country within a certain time period. Strazicich and List (2003) built the convergence model for empirical analysis of convergence of carbon emissions in 21 industrial countries in 1960 to 1997. They showed absolute convergence of carbon emissions. Aldy(2006) performed convergence analysis using panel data of 23 OECD countries in 1960 to 2000. Ezcurra(2007) selected 87 countries and demonstrated the convergence of carbon emissions within the sample period by building the convergence model. It was also found that the convergence club phenomenon of carbon emissions also existed in a significant sense among these countries.Inaddition, Lee and Chang (2008) had indicated thatper capita carbon emissions of a country also existed convergence phenomenon.
Later, Club convergence of carbon emissions was then proposed based on the awareness that the heterogeneity across the countries and regions was not fully considered yet. Westerlund and Basher (2008) made a comparative study on the convergence of carbon emissions between developed countries and developing countries. They concluded that the convergence of carbon emissions only existed in developed countries, but not in developing countries. Panopoulou and Pantelidis (2009) included 128 countries and built the club convergence model with reference to income per capita. It was found that the carbon emissions per capita of high-income and medium-income countries tended to converge, but not the low-income countries. Criado and Grether(2011) also studied club convergence based on income per capita in 166 countries, discovering that the carbon emissions of high-income countries converged, but no the low-income countries.
However, -or -convergence or club convergence model all fail to consider spatial effect (Bo and Lina,2013 ), which represents a major defect of the existing studies on convergence of carbon emissions. According to Tobler's First Law of Geography, all attribute values on a geographic surface are related to each other, but closer values are more strongly related than are more distant ones (Tobler,1979) .To give due consideration to the spatial effect, we incorporate the factor of spatial correlation and spatial heterogeneity when analyzing the spatial characteristics and rule of club convergence of China's carbon emissions. This is the first step towards the making of reasonable energy-saving and emissions reduction policy across the regions.
CARBON EMISSION OF CHINESE PROVINCES
Research on convergence of regional carbon emission in China, We must first get the specific data of each province's carbon emissions. Because of the authority of the statistical agencies of China did not release the relevant data, We refer to U.N.'s Framework Convention on Climate Change and Chapter 6 of 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Energy for the estimate method. According to the World Bank annual report, over 70% of carbon emissions in most countries are attributed to the consumption of conventional energy. Three primary energy resources, namely, coal, petroleum and natural gas, are generally considered when estimating CO 2 emissions. Therefore, CO 2 emissions are calculated by the following formula:
where CO 2 represents the carbon dioxide it emissions (ten thousand tons) of province in the year of 1998-2012.; i=1,2,3 represents coal, petroleum and natural gas, respectively; E is energy consumption, which is converted according to the coefficient of energy conversion published (unit: ton of standard coal equivalent); NCV is net calorific value of energy; CEF is carbon emission coefficient; COF is carbon oxidation factor; 44 and 12 are the molecular weights of CO 2 and C, respectively. The data of coal, petroleum and natural gas consumptions come from China Statistical Yearbook and China Energy Statistical Yearbook. Figure 1 is the estimate of carbon emissions of China's 30 provinces in 1998 to 2012, from which large heterogeniety can be noted across the provinces. In terms of the average absolute amount of carbon emissions, the top five provinces are Shandong, Shanxi, Hebei, Liaoning and Jiangsu. The average carbon emissions of these provinces all exceed 350 million tons. Except Shanxi, all other provinces are located in eastern China. Shanxi is China's largest coal producer and its coal consumption ranks among the highest of all provinces. However, coal is a typical high-carbon energy. The last five provinces are Hainan, Qinghai, Ningxia, Guanxi and Beijing, where the average carbonemissions do not reach 90 million tons. Except Hainan and Beijing, all other provinces are located in western China. Qinghai, Ningxia, Guangxi and Hainan have low industrialization level and therefore low consumption of conventional energy. The pillar industries are service industry and high-tech industry in Beijing, which means low carbon emissions.
Hainan ranks the highest in terms of average growth rate of carbon emissions, which is 14.27%; Beijing ranks the lowest (1.26%). Though Hainan province has a low industrialization level at present, the growth speed is high. The percentage of secondary industry's added value to GDP has increased from 20.67% in 1998 to 28.17% in 2012, leading to a large jump in energy consumption. With greater emphasis on industrial restructuring, Beijing has more developed low-carbon industries and tertiary industry. The percentage of secondary industry's output to GDP has been declining, from 35.36% in 1998 to 22.70% in 2012. The increase of greenness level of Beijing also contributes to low growth rate of carbon emissions.
As shown in Figure 2 , eastern China has the highest carbon emissions in 1998 to 2012, followed by central China and western China. However, all three parts of China have witnessed a gradual increase of carbon emissions over the years. The absolute amount of carbon emissions in eastern China, central China and western China has increased from 1502.875, 1130.362 and 791.7525 million tons in 1998 to 2402.665, 2917.361 and 2945.547 million tons in 2012. Within the period of 15 years, the three regions experience an increase by 2.99, 2.58 and 3.72 times, respectively. Western China has high growth rate of carbon emissions than central and eastern China, which is primarily due to China Western Development strategy. During this period, the industrialization level of western China rises dramatically, and its growth rate far exceeds that of eastern and central China. 
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3.RESEARCH METHODOLOGY

Spatial auto-correlation coefficient
There's spatial effect between regional carbon emissions, which mainly manifests in spatial correlation and spatial heterogeneity. Spatial correlation refers to the spillover and diffusion effect of the neighboring provinces. Spatial heterogeneity refers to spatial non-uniformity between carbon emission core and margin area, resulting in significant regional disparity. Spatial dependence is usually measured by Global Moran's I according to the formula below (Moran,1948) :
where W ij is the spatial weights matrix; n is the number of spatial units under consideration; x and x j are the observed values of region i and j, respectively; the mean of the observed values of the regions is calculated by =( i x i )/n. GlobalMoran's I lies somewhere between 1 and -1. Moran's I=1 indicates positive complete auto-correlation, and Moran's I=-1 indicates negative complete auto-correlation; no auto-correlation exists only when Moran's I=0. The matrix used in this paper is the basic form of spatial adjacency matrix.
Region is adjacent to region Region is not adjacent to region
The authenticity of Moran's I is subject to significance test, generally by making the assumption of normal distribution of Z-score:
Moran s I E Moran s I Z d VAR Moran s I
If the statistic of normal distribution of Z-score passes the test at a certain confidence level (10%, 5% or 1%), it means Moran's I is significant. 
Local indicators of spatial association
GlobalMoran's Iis a measure of spatial autocorrelation of the research subject from a general perspective, rather than a measure of the detailed spatial distribution. Therefore, it is more intuitive to reflect whether there is a spatial correlation in the part of Object to be inspected, or more specific to describe which region contributionstothe greater spatial correlation for the global self. The role of local Moran scatter plots (LocalMoran's I) and the Moran scatter plot (LISA)are even greater. These two indicators can more directly reflect the spatial agglomeration of regional carbon emission. This plays a bigger role in the regional carbon emissions in the club grouping. LocalMoran's Iis defined as (Moran,1950) :
Spatial club convergence model
Convergence model was originally used to measure whether a country's (or region) income gap is convergence or divergence, then its application gradually expanded to the fields of consumption, trade and environment. The most commonly used method in the convergence model is the convergence method, the theoretical basis comes from the assumption that the convergence of economic growth caused by the diminishing marginal returns of capital. Specifically refers to the growth rate of the low initial level of economic income region is faster than the high initial level of economic income region. Finally, the economic income levels of two areas will appear in the phenomenon of convergence as time goes on.-convergence theory was first invented by Barro and Salai-Martin (1991) , and the absolute -convergence is expressed as:
where y i,i+T and y i,T are the output of region i within time t+T and t, respectively;  is the constant term;=-(-1-e -T );  is the convergence speed. If regression gives0,it means absolute -convergence exists within time period T; the growth speed of the backward regions is faster than that of developed regions.
Most studies on spatial club convergence are based on -convergence, and the model is derived from spatial auto-regressive model and spatial error model. To classify the spatial clubs in light of the spatial effect, the subscript j is added to the spatial clubs. The club convergence model for spatial auto-regression is established as follows:
where j=1,2,…,n represents the spatial club;  is the convergence speed of the clubs; W is the size of spatial weights matrix;  is the spatial autoregressive coefficient; is the random error term in the model.
where  is the size of spatial error coefficient;  indicates whether there is a significant convergence trend in the model; similar to the above formula, w and u are the spatial weights matrix and random error term, respectively.
Based on the spatial convergence model considering spatial effect and combining (6)- (8) 
4.RESULTS
Spatial club division of regional carbon emissions
Using spatial weights matrix as spatial adjacency matrix in (2)-(4), Geoda software is run to obtainGlobal Moran's I of regional carbon emissions of China in 1998-2012. The results are shown in Table 1 . It can be seen that all Moran's I values are positive and pass the significance test at 5% level. This indicates significant spatial auto-correlation in provincial carbon emissions of China. The distribution of provincial carbon emissions shows strong spatial auto-correlation, and the provinces form several clubs. Spatial correlation is an essential important factor in the study of regional carbon emissions. In the empirical study of carbon emissions, it should take full attention to the spatial correlation between the regions. Otherwise it will cause serious deviation from the actual situation. Dellerba and Gallo (2008) , there will never be convergence in L-H cluster and H-L cluster, and these two clusters are removed. Some provinces in H-H and L-L clusters may occupy different quadrates across the years. These are atypical provinces and are eliminated as well. Finally only provinces typically belonging to H-H and L-L clusters are chosen for test for club convergence. In the end, After estimation and screening, 8 provinces belong to H-H club; they are Hebei, Shanxi, Liaoning, Shanghai, Jiangsu, Anhui, Shandong and Henan; 11 provinces belong to L-L clubvg; they are Jiangxi, Hunan, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Gansu, Qinghai, Ningxia and Xinjiang.
From Figure 5 , 8 provinces in the H-H cluster are located in the eastern part of China, accounting for 72.73% of all eastern provinces. 4 provinces in the L-H cluster,1 province of them is located in the eastern part of China, 2 provinces of them are located in the central part of China,1 province of them is located in the western part of China, respectively accounted for 9.09%, 37.5% and 9.09% in the eastern, central and western proportion.14 provinces in the L-L cluster, 5 provinces of them are located in the central part of China, the remaining 9 provinces and cities are located in the western region, respectively accounted for 62.50% and 72.73% of their regions. And only 4 provinces in the H-L cluster, 2 provinces of them are located in the eastern part of China, the remaining 2 provinces of them are located in the western part of China, respectively accounted for 18.18% and 18.18% of their regions. These results have some differences in the study of most relevant literature, not all carbon emissions efficiency of eastern provinces form a higher level of convergence, at the same time, only some provinces in the central and western regions have formed a relatively low level of convergence. 
Results of the spatial club convergence model
Simulation is performed using panel data according to model (9), and the significance of spatial auto-correlation of residual term is tested. Table 3 and Table 4 shows the estimation using hybrid panel data model, spatial fixed effect model, temporal fixed effect model and two-way fixed effect model. The choice of different fixed effect model is justified by comparing the test result.
According to the Table 3 ,with the nationwide empirical results for example, in the hybrid model of goodness of fit determination coefficient of 0.0197,meanwhile,after adding thespatial and temporal fixed effects,the determination coefficient of the bidirectional fixed effects model increases to the 0.1873,and becoming the biggest among the four models. This shows,there is noother than three models,the goodness of fit of the twoway fixedeffect model is always the highest.Then comparing with the Log likelihood function of the nationwide model in the form, we can know the Log-L of the hybrid model is only 377.5089, while adding spatial and temporal fixed effects, the Log-L of the bidirectional fixed effects model have only increased to 456.1586, it is also the largest of the four models. Thus it can be seen, the two-way fixed effect model is the optimal choice of fixed effect model, therefore, this paper choose the estimation results of the two-way fixed effect model to explain the meaning of the variable. The lower half part of Table 3 is the experimental results of spatial correlation of the ordinary panel data model's residuals in this paper. Among which, in the nationwide empirical model of 
two-way fixed effect model. This can be seen,the current research in China,the existing spatial convergence is mainly based in nationwide as space observation unit. In fact, overflow nationwide performer has obviously local characteristics of geographical, but it is not obvious. In contrast,smaller space scales show significant. At the same time,the larger the area also will hide its internal provincial regional spatial heterogeneity. Toblersof the first theorem also indicated that the geographical regional everything has the certain item,the closer distance between the things,the connection degree is the greater on the contrary,things will be smaller.Based on this,according to the effect of the standard could be divided into several national clubs,on the basic of research on carbon emissions of club convergence will be more close to the reality.
According to the convergence calculation formula of neoclassical growth model-convergence, the rate of convergence in China during the sample period is 1.04%. If ignore other variables, this data means that the convergence rate of carbon emissions in China is 1.04%. However, this result comes from thinking in the respect of the whole country, the result cannot show the extension and time of it. It does not include major accidents as well. There is a big difference between the data and actual data. To emphasize the principle of putting effort to the most important thing and treating different things with different ways, dividing the spatial club by in different place, study the differences of convergence, it must be helpful for reducing the carbon emissions.
It can be seen from Table 4 that the coefficient of determination is 0.0002 using the hybrid model for H-H club. After introducing the spatial and temporal fixed effects, the coefficient of determination in two-way fixed effect model increases to 0.0509, which is the largest of 4 clusters. This is also true for L-L club. Thus the goodness of fit of twoway fixed effect model is always the highest on both the national level and the level of club convergence model. Moreover, for H-H and L-L clubs, the log likelihood function values Log L  of two-way fixed effect model are always higher than those of the other 3 models. Therefore two-way fixed effect model is the optimal for either H-H or L-L club.
The other half of Table 4 shows the results of test for spatial auto-correlation of residual term using ordinary panel data. For H-H cluster, LM-sar and LM-err of the two-way fixed effect model are 5.3426 and 5.0622, respectively, indicating that the model passes the test at 5% significance level. This is also true for L-L club, and the LM-sarand LM-err of the two-way fixed effect model are 2.4375 and 2.7989 at 10% significance level, respectively. It can be inferred that the estimates have significant spatial autocorrelation using ordinary panel data for H-H and L-L clubs. For H-H club, the LM-sar statistic is larger than LM-err statistic in two-way fixed effect model; but the contrary is true for L-L club. Thus spatial auto-regressive model applies to H-H club, while spatial error model applies to L-L club.
According to the spatial correlation test, the residual term of the normal panel data model shows noteworthy spatial correlation characteristic. Thus, this paper adopts spatial econometric approach to regress to ordinary biaxial fixed effect model. It can be seen from Table 5 that after introducing spatial auto-regressive term W*dep.var and spatial error termW*dep.var, the model passes the 1% or 10% significance level for H-H and L-L clubs. Thus the model adopted is appropriate. The coefficients of determination for SAR and SEM model are 0.5328 and 0.4685 for H-H club, respectively. There is a considerable improvement in goodness of fit compared with the situation using ordinary panel data. The same is true for L-L club. In addition, the sign of the estimated coefficient in spatial panel data model is consistent with that of ordinary panel data model, while the t value of the coefficient of determination in the former is improved. This indicates a considerable improvement of estimates using spatial econometric model for ordinary panel data. In two-way fixed effect model for H-H club, Log-L of SAR model is larger than that of SEM model; however, the opposite is true for L-L club. Therefore, during the study of club convergence of carbon emissions, we choose SAR model for H-H club and SEM model for L-L club.  is negative at 1% significance level.
Thus the carbon emissions of provinces belonging to H-H cluster show strong convergence during the sample period. As calculated by the formula of -convergence in neo-classical growth model, the convergence speed during the sample period is 0.71%,lower than the rateofconvergence innationwide. For L-L cluster, value is also negative, which passes the test at 1% significance level. By the same method, the convergence speed is calculated as 1.83%, higher than the rate of convergence in nationwide. Which indicates strong convergence in the club. Thus, the carbon emissions of provinces belonging to either L-L or H-H cluster show strong convergence. The only difference is that the convergence speed is faster for L-L club compared with H-H club.
5.CONCLUSION
We first analyze the spatial auto-correlation of regional carbon emissions and perform spatial clustering. The spatial econometric model is established for empirical study of club convergence of regional carbon emissions in 1998-2012. The following conclusions are obtained: The average carbon emissions show considerable regional variability in different years. The following conclusions are obtained: Most of the provinces with high
